Zinc (Zn) has been used to galvanize iron, and is one of the most indispensable heavy metals for daily life. Using large amounts of Zn causes its excessive release into the environment. It accumulates in wastes and sometimes accumulates in farming lands when the wastes are applied as manure. 1) The toxicity has been reported to be lower than other heavy metals.
2 ) However, it is known that Zn affects soil microflora and their metabolisms. 3) Zn-resistant bacteria had been isolated from Zn-contaminated habitats 4l and the mechanisms of the resistance have been discovered. 5) The most characterized Zn-resistant system is the czc system which mediates resistance to divalent cations, cadmium (Cd), Zn, and cobalt. 6 ) The czc system, which was found in Ralstonia eutropha CH34, extruded heavy metals, and the bacteria gain high resistance to these heavy metals. 6 ) Zn-resistant bacteria were also found in soils which have never been polluted with heavy metals. 4l Recently, Methylobacterium strains were isolated as Cd-resistant bacteria from non-polluted soils and also had Zn resistance. 7 ) Zn resistance of M ethylobacterium is of interest from the viewpoint of soil microbial ecology. This paper reports isolation of Zn-resistant Methylobacterium strains from soils and characterization of their Zn resistance.
Non-polluted soil samples were collected from the plow layer of an upland field at Yayoi (Tokyo, Japan), a paddy field at Tsuruoka (Yamagata Prefecture, Japan), and a paddy field at Kagoshima (Kagoshima Prefecture, Japan). All samples were passed through a 2-mm sieve. Five grams of moist soil was dispersed in 45 ml of autoclaved tap water using a Waring blender (Sakuma Seisakusho, Ltd., Japan) at a speed of 10,000 rpm for 3 min. Estimates of the numbers of Zn-resistant Methylobacteriumlike bacteria were obtained by the plate co un ting method, using 10-fold diluted nutrient agar (1 g of beef extract, 1 g of peptone, 0.5 g of NaCL and 15 g of agar per liter); it was supplemented with cycloheximide (50 mg I 1) to inhibit fungal growth, and an appropriate concentration of Zn. Those were added to autoclaved media. The inoculated agar plates were incubated at 30°C for 10 days. Representative pink-pigmented Methylobacterium-like bacteria that appeared on Zn-containing 1/10 nutrient agar were identified based on ribosomal 16S DNA (l6S rDNA) sequence identity. The sequences of l6S rDNAs were analyzed by the method reported by Harada et al., 8) and the sequences were compared with those of Methylobacterium strains of DNA databases. The sequenced region of 16S rDNA was from position 743 to 1376 of the Escherichia coli numbering system.
The minimum inhibitory concentration (MIC) on bacterial growth was measured by the growth on nutrient agar media containing appropriate Zn concentrations after 7 days of incubation. The incubation temperature was 30 D C for Methylobacterium species and 37°C for Escherichia coli.
The bacteria were cultured in nutrient broth with Zn at 0, 100, and 300 f.1.M concentrations. The cells were collected by centrifugation at 2500 x g for 10 min and washed twice in quarter strength Ringer's solution. The biomass was weighted in dry state and digested by nitric acid. The Zn content was measured with an atomic absorption spectrophotometer AA-6S0 (Shimazu, Japan). The Zn absorbance was defined as the Zn content obtained by taking the Zn weight absorbed in bacterial cells grown in the Zn not-added medium from the weight of Zn absorbed in the cells grown in the Zn-added medium.
In addition to the isolates, the authentic strains obtained from culture collections and three Zn-resistant bacteria (Methylobacterium jujisawaens CT4, Flavobacterium sp. strain CTS, and Ralstonia sp. strain CT14) isolated by Kanazawa and Mori 7 ) listed in Table I were used in comparison.
The predominant Zn-resistant pink-pigmented bacteria were counted on the media containing 10 mM Zn. The numbers were S.7 x 10 2 (60% of the colonies that appeared), 2.0 x 10 3 (100%), and 5.6 x 10 2 (S3%) per gram dry soil collected at Kagoshima, Tsuruoka, and Yayoi, respectively. Apparent differences in colony numbers were not found among the three tested soil samples.
The cells of the eleven representative M ethylobacterium-like strains were Gram-negative and motile rods. Colonies on nutrient agar were shiny, smooth, raised, entire, pink or red, and I to 3 mm in diameter after 7 days at 30°C. The strains did not grow in nutrient broth under anaerobic conditions. The l6S rDNA sequences were analyzed for eleven representative strains. The eleven strains have two sequence varieties, represented by strains YU2 and NPll. The sequence variety of strain NPI! included only one strain, and the other ten strains showed sequences identical with strain YU2. The sequences of the eleven strains showed similarity indices higher than 94.5% to Methylobacterium species, and these eleven bacteria were identified as M ethylobacterium species. A phylogenetic tree was constructed from these sequences (Fig.) Although the number of compared nucleotides was not enough to draw a reliable tree, the tree corresponded well with the trees presented by other researchers. 9, 10) The eleven strains isolated in this study were highly related to Methylo-T. KUNITO resistant to 10 mM Zn as Zn-resistant bacteria. The bacteria that are resistant to concentrations between 1 to 10 mM Zn are considered to be moderately resistant bacteria. Judging from MIC values, all the isolated M ethylobacterium strains belongs to the category of real resistance. Three strains of M ethylobacterium species obtained from culture collections also showed resistance to Zn concentrations higher than 10 mM. Although the resistance levels of the other eight Methylobacterium strains obtained from culture collections were lower than 10 mM, the level of resistance was higher than the non-resistant bacteria. 7) The results of Zn absorption by the representative Methylobacterium strains in the liquid media are shown in Table II . The absorbed Zn contents by the highly resistant Methylobacterium strains, strains YUll (MIC 19mM) and NPII (MIC 18mM), were smaller than that of moderately resistant strain Methylobacterium radio tolerance lAM 12098 (MIC 3 mM). Furthermore, the Zn contents absorbed by the highly resistant Methylobacterium strains YUll and NPII were smaller than those by the two Zn-resistant bacteria, Ralstonia sp. strain CT14 (MIC 20 mM), which was reported to have a Zn-effiux resistance system,12) and Flavobacterium sp. strain CT8 (MIC 10 mM). 7) These results suggest that the Zn resistance system of Methylobacterium species would be caused by a Zn-effiux system or by an alternation in cellular permeability13) to Zn. However, the detailed mechanism of Zn resistance by Methylobacterium species remains obscure.
There were three possible reasons to explain the occurrence of heavy metal resistant bacteria in non-polluted soils. The first possibility is that the heavy metal resistance determinants are not specific to the resistant bacteria. Recently, a mercury (Hg) resistant determinant mer,14) and the copper (Cu) resistant determinant COp,15) were found on non-resistant bacterial chromosomes. Lim and COOksey 15) reported that Cu non-resistant bacteria that had cop homologs changed easily to a Cu-resistant phenotype. With respect to Hg resistance, resistant bacteria that harbored specific Hg resistance system mer were easily isolated from non-polluted and pristine soils. J 6) The second possibility is that the Zn resistance of M ethylobacterium strains is due to simple passive resistance 17 ) such as resistance with extracellular polysaccharide. Such passive resistance was not caused by a specific resistance determinant. The third possibility is that the non-polluted soils categorized on the basis of metal concentration using chemical reagents 18) are biotoxic. Recently, it was reported that the level of biotoxicity of heavy metals was not correlated with the simple heavy metal content of soils 18 ) but the heavy metal ion activity which was strongly affected by the presence of other non-toxic ions. 19 ) The Zn resistance system of Methylobacterium species was not analyzed in this study. However, we can conclude that the resistance might be a passive and inherent characteristic of the genus Methylobacterium, because all the strains of Methylobacterium species including the strains collected from culture collections had high or moderate Zn resistance. It is also concluded that Methylobacterium species were one of dominant Zn-resistant bacteria found in non-polluted soils.
